Surface photovoltage spectroscopy ͑SPS͒ has been employed to monitor optical transitions in quantum well and superlattice structures at room temperature. Excellent agreement is found between theoretical predictions of heavy hole and electron energy level positions and the observed transitions. The results show that using this technique, the complete band diagram of the quantum structure may be constructed. SPS emerges as a powerful tool capable of monitoring optical transitions above the lowest one in a simple to interpret, contactless, and nondestructive way. © 1996 American Institute of Physics. ͓S0003-6951͑96͒00907-3͔
Quantum size effects in quasi-bi-dimensional systems, e.g., multiquantum wells ͑MQWs͒ and superlattices ͑SLs͒ have been the subject of extensive experimental and theoretical work for both fundamental studies and device applications.
1 As a result, many experimental techniques have been used to characterize the quantum energy levels in such structures. Among the more conventional techniques are purely optical techniques such as absorption/ transmission, photoluminescence ͑PL͒, and photoluminescence excitation spectroscopy ͑PLE͒.
2
Absorption/ transmission experiments are easy to interpret, but they usually require removal of the growth substrate which may cause extra strain in the samples. Therefore, such experiments are greatly inconvenient when dealing with very thin layers. PL and PLE do not require an etching process, but PL typically yields clear information only about the lower quantum levels, whereas PLE requires a tunable laser and is more complex experimentally. Moreover, both are usually carried out at low temperatures. In recent years, photoelectric techniques, namely photovoltage ͑PV͒ and photocurrent ͑PC͒, have been studied. [3] [4] [5] [6] [7] These techniques are very sensitive to the absorption of the exciting illumination. Thus, they are essentially as good as transmission experiments for measuring the excitonic absorption peaks of quantum structures, without the need for etching. However, they do require forming a junction which includes the quasi-bi-dimensional region, a process which affects the electronic structure of the top layers via the top contact. Photoreflectance 8 has been proven to be a contactless tool which is extremely sensitive to even the highest lying energy levels. Its disadvantage is the multiparameter fitting process required to analyze the data due to changes in both the real and imaginary parts of the dielectric constant. Use of the so-called ''capacitor photo-emf'' method has also been attempted for such characterization, 9 but the scope of the obtained quantitative information is limited.
In this letter, we introduce surface photovoltage spectroscopy ͑SPS͒ as a new tool for investigating quantum well structures. In SPS experiments, the surface photovoltage ͑SPV͒ ͑i.e., the illumination-induced change in surface potential͒ is monitored as a function of photon energy. The surface potential is usually followed using the Kelvin probe arrangement, which measures the contact potential difference between the sample and a reference electrode. 10 The formation of a SPV requires both photogeneration and separation of charge carriers. Therefore, the obtained SPV spectrum contains information about both the optical and electrical properties of the structure, e.g., band-gap energies and defect state characteristics. 10 SPS has been shown to be very sensitive to the photovoltaic effect in buried junctions, in addition to the surface photovoltaic effect. 11, 12 Thus, the proposed technique is contactless and nondestructive, may be used in air or in vacuum, in situ or ex situ, and under a wide range of temperatures ͑including room temperature͒. Moreover, we show that the SPV spectrum may be used as an extensive source of information about the material composition of the layers, quantum well ͑QW͒ parameters, and defect electronic states.
GaAs/Al x Ga 1Ϫx As MQWs and SLs were grown by lowpressure metalorganic chemical vapor deposition at 725°C on p-type GaAs ͑100͒ substrates ͑1ϫ10 19 cm Ϫ3 , Zn doped͒. The MQW sample consisted of 85 periods of GaAs ͑75 Å͒ and Al x Ga 1Ϫx As ͑xϭ0.2, 100 Å͒ between a bottom layer of a 0.5 m thick Al x Ga 1Ϫx As (xϭ0.3) barrier followed by a 0.5 m GaAs epilayer, and a top layer of a 0.5 m thick Al x Ga 1Ϫx As (xϭ0.3). All layers were unintentionally doped, implying a nominal doping of about pϭ1ϫ10 15 
cm
Ϫ3 and pϭ1ϫ10 16 cm Ϫ3 for the GaAs and Al x Ga 1Ϫx As layers, respectively. The SL sample consisted of 35 periods of GaAs ͑150 Å͒ and Al x GA 1Ϫx As (xϭ0.3, 17 Å͒ in between a bottom 0.15 m thick GaAs buffer layer ͑ pϭ1ϫ10 18 cm Ϫ3 ͒ and a top layer of Al x Ga 1Ϫ3 As (x ϭ0.3, 170 Å͒. SPV spectra were recorded in air. The surface photovoltage has been monitored using a commercial Kelvin probe unit ͑Besocke Delta Phi, Jülich, Germany͒ with a sensitivity of ϳ1 mV. 13 The sample was illuminated through the top layer by light from a 250-W tungsten-halogen lamp passing through a 0.25 m grating monochromator ͑Oriel, USA͒. a͒ Electronic mail: shapira@eng.tau.ac.il Figure 1͑a͒ shows the SPV spectra of the MQW sample before and after etching in 1:8:500 H 2 SO 4 :H 2 O 2 :H 2 O for 4 min ͑corresponding to the removal of about 200 nm of the Al 0.3 Ga 0.7 As top layer͒. In the case under consideration, the spectrum contains contributions from super-band-gap absorption ͑in the GaAs layer, the MQW region, and the AlGaAs region͒, as well as from sub-band-gap absorption due to optically active defect states and electric-field induced absorption ͑via the Franz-Keldysh effect 14 ͒. In the following interpretation of the spectrum we use the slope signs in the SPV versus photon energy spectrum. This sign is positive if the illumination-induced change in electric field drives holes towards the surface, and negative in the opposite case. 13 The SPV spectrum of Fig. 1͑a͒ has many features: The slope change at 1.38 eV corresponds to the onset of band-to-band absorption in the GaAs epilayer ͑beginning at energies below the nominal band gap due to the Franz-Keldysh effect͒. The positive sign of the slope indicates that the energy bands are bent downwards toward the surface in the dark. The slope change around 1.78 eV corresponds to the onset of band-toband absorption in the AlGaAs cap layer ͑the nominal band gap being 1.79 eV͒. Again, the bands are bent downwards in the dark.
In the photon energy range of 1.43-1.75 eV the SPV spectrum is expected to be governed by absorption in the MQW region. Indeed, the shape of the spectrum in this region resembles typical absorption spectra of MQWs structures. Since the slope is negative at energies around 1.43 eV, the bands are bent upwards and the excitonic absorption peaks should be observed as minima in the spectra. Moreover, the total SPV changes sign ͑from positive to negative͒ in this regime. Therefore, the minima must be due to photovoltaic activity in the MQW region itself and not simply due to modulation of the light intensity falling on the GaAs layer by the MQW transmittance.
3 Two minima are observed: at 1.48 and 1.61 eV.
A non-negligible SPV signal is apparent at photon energies below 1.38 eV in the spectrum of the sample before etching. This indicates the presence of optically active gap states. Since no such signal was observed after etching, we concluded that these states were located at the external AlGaAs surface. Moreover, the SPV signal at photon energies above 1.8 eV has changed, confirming the observation that this part of the spectrum is mostly due to absorption in the cap layer. The SPV spectrum in the MQW absorption energy range has not changed at all ͑other than undergoing a uniform shift͒ after the etch. Therefore, we have ascertained that the signal in the MQW absorption range is not due to surface effects.
The observed excitonic peaks agree well with the energy values of the 1HH-1E and 2HH-2E transitions calculated using a simple square well model which neglects electric field effects.
1 Moreover, the 1HH-1E transition energy is consistent with that found using room-temperature PL ͑the higher transition was not detected by the PL measurement͒. The calculated and experimental values are summarized in Table  I . A more rigorous numerical analysis has also been performed by simultaneously solving the Poisson and Schrö-dinger equations. Figure 1͑b͒ shows the equilibrium band diagram obtained by using the nominal material composition and doping assuming an external surface charge density of ϳ6ϫ10 Ϫ8°C /cm 2 . The diagram qualitatively confirms our experimental findings regarding the band bendings in the sample. Moreover, it shows that the electric field anywhere within the MQW region is small enough so that the quantum confined Stark effect 14 is negligible, thereby explaining the good agreement between our measurements ͓of Fig. 1͑a͔͒ and the simple calculation mentioned above. Figure 2 shows the SPV spectra of the SL sample. A SPV signal due to absorption in the GaAs and AlGaAs layers is observed. Here, the slope of the AlGaAs signal is negative. This is because the cap layer is very thin, and the signal is mostly due to absorption in the barrier layers of the SL which are bent upwards toward the surface. Three minima are observed in the photon energy range of absorption in the SL region, corresponding to the 1HH-1E, 2HH-2E, and 3HH-3E transitions. The 4HH-4E transition is also apparent as a shallow valley in the spectrum. Again, no changes in the energy position of these minima due to the surface treatment were observed. Only the first two transitions are observed in the PL spectra ͑the second one as a shoulder rather than a peak͒. The experimental values are in excellent agreement with values derived from a simple square well model. All values are given in Table I . The peaks are broader than in the MQW sample due to the formation of minibands in the well region of SL structures. Each minimum is located at the middle of the calculated miniband.
It is interesting to note that SPS resolves all ''symmetryallowed'' heavy-hole-electron transition in the QWs. Since higher transitions are much more sensitive to fluctuations in quantum well parameters ͑e.g., well width and barrier composition͒, SPS provides an easy means of monitoring any deviation from desired parameters during growth. Moreover, previous works have shown that Kelvin-probe-based measurements may lead to the determination of growth parameters such as composition 15 and doping. 16 In addition, analysis of defect states ͑via monitoring subband features͒ provides additional insight into the electronic quality of the layers. Indeed, use of a comprehensive numerical model could yield all pertinent parameters in the cases described here as well. Thus, the entire band diagram may be quantitatively constructed.
In conclusion, we have demonstrated that SPS may be applied to the characterization of the QW based structure, yielding information about energy levels and electric fields in the structure. The technique is contactless, ambient insensitive and works at room temperature, while at the same time capable of resolving higher optical transitions in the QW structure. Thus, it may be effectively used for in-line waferscale monitoring of QW structures.
